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ABSTRACT 

This paper conta ins  a de ta i led  desc r ip t ion  of a s o l a r  aspect  
sensor ,  the  operat ion of which i s  dependent on a s i l i c o n  s o l a r  
energy convertor.  Special  a t t e n t i o n  i s  given t o  the reasons t h a t  
led  t o  the  choice of a photo-vol ta ic  device f o r  t he  app l i ca t ion  
and t o  t h e  ana lys i s  of the geometry by which the  aspect  concept i s  
rea l ized .  Some comparisons with the  e a r l i e r  vers ion  of the s o l a r  
aspec t  sensor a r e  made t o  ind ica t e  the  improvements. The in s t ru -  
mentmeasures the  angle between the sp in  a x i s  of t he  rocke t  and 
the  sun-rocket l i n e  f o r  angles between 20' and 160' with an accura 
of - + lo. 
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INTRODUCTION 

The solar aspect sensor has been designed to measure the angle 
between the longitudinal axis of a spin-stabilized rocket and the 
direction of the sun. 
data to correct the measured response of solar radiation detectors 
to conditions of normal incidence. 

Its primary purpose is to provide aspect 

The technique involves a diamond-shaped aperture with a light 
detector placed a fixed distance behind the center of the aperture. 
The sensor is mounted with the long axis parallel to the spin axis 
of the rocket. A s  the rocket spins, the detector, indicating the 
intersection of the sun-detector line and the aperture, functions 
as an off-on switch. The aspect angle is obtained from the time 
interval between two pulses generated in the device by the spin of 
the rocket. 

The earlier version of the solar aspect sensor (Model XAS-101) 
used a photo conductive silicon diode (Texas Instruments, IN2175) 
as the light detector. The improved sensors (Model US-102) makes 
use of a photo-voltaic silicon device (Solar Systems, S S - 3 0 ) .  The 
features that a solar energy convertor provide for this application 
greatly minimize the major shortcomings of the original sensors - 
the time and complexity of the calibration procedure. 

In addition to its primary purpose, the instrument provides 
valuable information on vehicle motion. The most readily deter- 
mined value is spin rate. The included angle and period of the 
precession cone is also obtained. The data of some recent flights 
is shown in the final section to indicate how these results are 
obtained. 

The aspect sensor has been successfully flown on Nike-Apache 
rockets in support of X-ray Geiger counters and Lyman-a ion chambers. 
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GENERAL THEORY OF SOLAR ASPECT SENSOR 

The i n t e r s e c t i o n  of the  plane containing the  diamond-shaped 
aper ture  and the  cone generated by the  svn-detector l i n e  a s  t he  
rocke t  sp ins  about i t s  longi tudina l  a x i s  i s  i l l u s t r a t e d  i n  Figure 1. 
The plane,  p a r a l l e l  t o  the rocket s p i n  ax i s ,  i s  a d is tance  d from 
t h e  de tec tor .  The de tec tor  i s  assumed t o  be located on the  sp in  
a x i s  s ince  a l l  po in t s  i n  a r i g i d  body have equal angular ve loc i ty .  
The equat ion of t he  l i n e  of in t e r sec t ion  i s  a hyperbola given by 
the  simultaneous so lu t ion  of the r i g h t  c i r c u l a r  cone. 

2 2  2 2  2 a x  + a y  = , z  

and the  plane 

Subs t i t u t ing ,  

x = d  

2 2 2  2 2  z - a y  = a d  . 
Solving f o r  the  constant ,  a, a t  the  poin t  y = 0, z = d t a n  a: 

a = t a n  a: 

Hence 

(1) 
2 2 2  z - t a n 2 q 2  = d t a n  a! 

A de ta i l ed  view of t he  geometrical arrangement of the diamond- 
shaped aper ture  and l i g h t  detector  i s  shown i n  Figure 2. 
t o r  i s  located a t  0 ,  a d is tance  d = OP behind the  center  of t he  
aper ture .  The s i z e  of the  aperture ,  ABCD i s  determined by the  d i s -  
tance d and the two angles,  

The detec- 

BOP = am 

and 

AOP = a0 

where a: 
angle. 

i s  the  maximum aspect  angle and 2e0 i s  the maximum azimuth m 
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By substituting y = XP = d tan @ into equation (1) the result 
is 

z = xX/ = d sec 0 tan a 

Since 

OX = d sec @ 

then tan XOX’ = tan 

so  XOXI = YOY’ = a . 
The time interval between X I  and Y’ is determined by the angu- 

lar velocity of the rocket and the angle 

This azimuth angle is completely determined by the aspect 
angle a: and the two fixed angles a, and Q0. 

Now 
AF’ = d tan Q0 

BP = d tan am 

AX = d tan a0 - d tan @ 

XX’ = d sec 4 tan a 

By similar triangles AX‘X and ABP, 

whence 

tan a = (cos 0 - sin @ cot @,)tan am 

For purposes of data analysis, this equation is plotted in 
the form of @/ao  versus a in Figure 3 for $0 = 60’ and CY,,, = 70’. 

The accuracy of the device is determined by two main factors: 
(1) the mechanical tolerance of the components that fix the geo- 
metrical configuration and (2) the time measurement of the telemetry 
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record. An analysis of the errors introduced by mechanical toler- 
ance was performed. The results were used to set tolerances such 
that the maximum error in Q: is less than 0.3'. 

The time measurement error is that results of a reading error 
and the geometrical arrangement as given by Equation (2). Figure 3 
shows that the device is least sensitive near Q: = Oo, that is, with 
the rocket longitudinal axis perpendicular to the direction of the 
sun, and becomes more sensitive as the aspect angle increases, This 
is advantageous in practical applications since it complements the 
aspect sensitivity of the solar radiation sensor with which it has 
normally been used. 

Near a = 0, the linear part of the calibration, the change in 
a for a change in $ may be written: 

tan Q: 

2 sec 
[sin 0 + cot Q0 cos $ 1  6@ m m = -  

NOW 
$ t  - = -  

$0 to 

where t is the time interval at aspect ang,e Q: and to is t..e time 
interval at Q: = 0'. 

Hence 

Thus, the error 6a! in ci resulting from an error in 6t in t is 
given by 

For the actual case of a 5 rps spin rate and the particular 
values of @ and a given above, 

0 m 
120 = 200 x - = 67 ms. 360 

It is reasonable to measure the time interval of 0.5 ms on a 
10 in/sec telemetry record. 
ponding error in a is about lo. 
ing error in measurement of aspect angles up to about 30 . 

Therefore for 6t = 0.5 ms, the corres- 
This represents the probable read- 

0 Beyond 
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t h i s  the  accuracy increases  continuously t o  a t h e o r e t i c a l  value of 
0 . lo  a t  the  l i m i t  of the  sensor,  a = 70°. 

The diamond shaped aper ture  and output s igna l  a r e  s h a m  i n  
Figure 4. The simple diamond shaped aper ture  i s  ambiguous with 
r e spec t  t o  pos i t i ve  and negat ive aspect angles.  The output s igna l  
i s  coded by adding a t h i r d  pulse  for  p o s i t i v e  angles. Also, the 
aper ture  has been modified t o  include addi t iona l  markers a t  O o ,  - + 30°, and + 60° aspect  angle t o  complement the  t h e o r e t i c a l  ca l ibra-  
t i o n  with a i  i n - f l i g h t  ca l ibra t ion .  The occurrence of the  i n - f l i g h t  
c a l i b r a t i o n  i s  assured even i n  a well  s t a b i l i z e d  f l i g h t ,  s ince  the  
rocket  w i l l  t u rn  over on descent from a nose up a t t i t u d e  t o  a nose- 
down a t t i t u d e  i n  the a l t i t u d e  range 100 km down t o  70 km. This 
poin t  i s  i l l u s t r a t e d  i n  Figure 13 fo r  the f l i g h t  of the  Nike-Apache 
14.143. 

9 
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APPLICATION OF SOLAR ENERGY CONVERTOR AS LIGHT DETECTOR 

The o r i g i n a l  series of aspect sensors  (Model XAS-101) used a 
photoconductive s i l i c o n  diode (1N2175) as  the l i g h t  detector .  Al- 
though i t s  accuracy was e n t i r e l y  s a t i s f a c t o r y ,  t h e  sensor required 
a painstaking,  expensive c a l i b r a t i o n  procedure. The recent  design 
review pointed t o  the physical  c h a r a c t e r i s t i c s  of t h e  package embody- 
ing the  semiconductor a s  t he  major source of d i f f i c u l t y  i n  using the  
photodiode f o r  t h i s  appl icat ion.  

The semiconductor, encased i n  a c y l i n d r i c a l  package, i s  exposed 
t o  l i g h t  by a lens  which l imited t h e  angular range t o  10 degrees. 
I t s  use i n  the aspect sensor required a la rge  angular range of ex- 
posure. The angular range of the diode was extended t o  almost 90 
degrees by roughening the surface of the lens.  Because of surface 
i r r e g u l a r i t i e s  r e s u l t i n g  from the gr inding process,  the l ens  d i d  
n o t  t ransmit  l i g h t  equal ly  wel l  from a l l  azimuth angles fo r  a given 
aspect  angle. 

It i s  noted i n  Figure 2 t h a t  the  l i g h t  de tec tor  i s  i l luminated 
by l i g h t  en ter ing  the  aper ture  sl i ts  a t  angles g rea t e r  than 50 de- 
grees  f o r  any aspect  angle. Although the  photocurrent increases  
l i n e a r l y  with i l lumina t ion  i t s  va r i a t ion  w i t h  angle i s  much more 
d r a s t i c .  The photocurrent a t  angles g r e a t e r  than 50 degrees i s  a t  
l e a s t  two orders  of magnitude lower than t h a t  of normal incidence. 
Consequently, the  threshold of the switching c i r c u i t  must be set t o  
make the photodiode sens i t i ve  t o  s igna l  l i g h t  en ter ing  a t  wide angles 
and, ye t ,  i n s e n s i t i v e  t o  sca t te red  or background l i g h t  en ter ing  a t  
normal incidence. Idea l ly ,  the threshold should be such t h a t  the 
r a t i o  of photocurrent a t  onset  t o  b i a s  cur ren t  i s  a maximum. The 
r a t i o  i s  somewhat reduced fo r  c a l i b r a t i o n  purposes s ince  sca t t e red  
and background l i g h t  combine t o  produce a photocurrent which must 
be o f f s e t  by increased b i a s  current.  

Because of the  shortcomings of t he  gr inding process,  the  weaker 
response of the de tec tor  a t  wide angles,  and any addi t iona l  mechani- 
c a l  e r r o r s  introduced i n  mounting the  c y l i n d r i c a l  package, the ac tua l  
switch-on poin ts  d i d  no t  accurately conform t o  those determined by 
the geometrical  configuration. For these reasons,  a thorough point-  
by-point c a l i b r a t i o n  of each aspect sensor was required t o  e s t a b l i s h  
a r e l i a b l e  c a l i b r a t i o n  curve f o r  use i n  da ta  reduction. 

The new aspect sensor uses  a s i l i c o n  s o l a r  energy convertor as  
the  l i g h t  detector .  The photovol ta ic  device has two d i s t i n c t  ad- 
vantages over the photoconductive u n i t  t h a t  make i t  more appl icable  

11 



fo r  the aspect sensor,  namely, (1) the output  vo l tage  i s  approximate- 
l y  proport ional  t o  the cosine of the  angle of i nc iden t  l i g h t  and 
(2)  f o r  small a reas ,  the  output vo l tage  i s  a func t ion  of t o t a l  a rea  
exposed. I n  designing the aperture  p l a t e ,  the  a rea  f a c t o r  can be 
adjusted t o  l a rge ly  counteract  the  cosine dependence, consequently, 
the  output vol tage of the c e l l  i s  near ly  independent of aspect  or  
azimuth angle. 

The so la r  energy convertor (SS-30) i s  a f l a t  d i sk ,  about 1 inch 
diameter w i t h  a conversion e f f i c i ency  of approximately 10 percent .  
I n  the aspect sensor the c e l l  i s  exposed t o  l i g h t  over a small c i r -  
cu la r  area,  0.1 inch diameter. Tests were conducted t o  determine 
the  v a r i a t i o n  i n  output vo l tage  a s  a func t ion  of (1) area  and (2) 
t ernper a t u r  e. 

The r e s u l t s  a r e  shown i n  Figure 5. The output  vo l tage  increases  
l i n e a r l y  a s  a funct ion of area with 7.85 x square inch taken 
as  the  100% value of ac t ive  area. The a rea  f a c t o r  i s  exploi ted by 
increasing the width of the aperture  s l i t s  from 0.020 inch t o  0.040 
inch fo r  angles g rea t e r  than 30'. 
Apache 14.143 payload was instrumented t o  measure the analog vol tage  
of the so la r  energy convertor.  The da ta  ind ica ted  t h a t  the  output 
vol tage a t  an angle of 60° was only 7% less  than the  value a t  nor- 
mal incidence due t o  the  area compensation. 

The aspect  sensor i n  the  Nike- 

The temperature t es t s  were conducted t o  determine i f  any s ig-  
n i f i c a n t  change i n  temperature c o e f f i c i e n t  r e su l t ed  from the unusual 
r e s t r i c t i o n  imposed on the photosensi t ive area.  An area  approximate- 
l y  2.8 x square inch was i l luminated by a tungsten source. The 
t e s t s  covered a temperature range of O°F t o  150°F i n  which the i n i -  
t i a l  output vo l tages  a t  75OF varied from 200 t o  350 m i l l i v o l t s  fo r  
f i f t e e n  samples. The i n i t i a l  vol tage f o r  each c e l l  was determined 
from s e n s i t i v i t y  measurements made i n  d i r e c t  sunl ight  a t  75'F. The 
r e s u l t s  i nd ica t e  a l i n e a r  decrease i n  output vo l tage  a s  a funct ion 
of temperature with an average slope of -1.3 mv/'F, a value typ ica l  
of s i l i con .  

A second group cons is t ing  of samples of reduced s e n s i t i v i t y  were 
s imi l a r ly  tes ted .  The i n i t i a l  output vo l tages  ranged from 110 t o  
150 m i l l i v o l t s  a t  75'F. 
same average slope of -1.3 mv/OF, but  the  s lope decreased with 
increasing temperature over the  range of O°F t o  150°F. 
the requirements imposed by the use of s o l a r  energy convertors  of 
d i f f e r e n t  s e n s i t i v i t i e s ,  the problems of  temperature compensation 
of the  threshold b i a s  of Q1 were r e a d i l y  solved by using a r e s i s t o r -  
s i l i c o n  diode vol tage d iv ider  t o  provide b i a s  vol tage as  indicated 
i n  Figure 6 ,  the  schematic of the switching c i r c u i t .  
temperature on the switching c i r c u i t  i s  shown i n  Figure 7. 

These u n i t s  a t  low temperatures showed the  

To s a t i s f y  

The e f f e c t  of 
This 
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i l l u s t r a t e s  the  da ta  of a s o l a r  energy convertor with high s e n s i t i -  
v i t y  which has  a temperature c h a r a c t e r i s t i c  very s imi l a r  t o  t h a t  of 
the input  t r a n s i s t o r .  Vbias, the diode vo l t age ,  i s  set  a t  a level 
t h a t  insures  turn-on when the  c e l l  i s  i l lumina ted  by d i r ec t  sun- 
l i g h t ,  but one which i s  low enough t o  prevent  turn-on from back- 
ground or r e f l e c t e d  l i g h t .  P o s i t i v e  switching ac t ion  i s  achieved 
by feedback through the 2.7 megohm r e s i s t o r .  

16 



CONSTRUCTION 

An exploded view of the assembly shown i n  Figure 8 p i c t u r e s  
the  three  main p a r t s  of the instrument: (1) t h e  f ron t  and r e a r  
aper ture  p l a t e s  and the se l f - loca t ing  spacers ,  (2) the s o l a r  energy 
convertor ,  and (3) the wave shaping c i r c u i t .  

The se l f - loca t ing  spacers ,  machined t o  a tolerance o f f i . 0005  
inch ,  serve two purposes: (1) t o  pos i t i on  the center  of the r e a r  
aper ture  p l a t e  which masks down the s o l a r  energy convertor squarely 
behind the  center  of the diamond shaped aper ture ,  and (2) t o  f i x  
the  exact d i s tance  between the p l a t e s  a s  determined by the f ixed 
parameters, %, a0 and the  height of the  diamond shaped aperture .  
Since t h i s  mechanical arrangement p rec i se ly  f i x e s  the geometry, the 
accuracy of the  sensor depends on the  mechanical to le rances  of the  
components. To insure  negl ig ib le  mechanical e r r o r s  i n  the  aper ture  
p l a t e s ,  the o r i g i n a l  layouts  a re  drawn t en  t i m e s  s i z e  and reduced 
o p t i c a l l y  t o  make the  negative. The f r o n t  and r e a r  aper ture  p l a t e s  
a r e  fabr ica ted  f r m  Kodak Photoplast  P l a t e ,  a c l e a r ,  r i g i d  a c r y l i c  
p l a s t i c  material 0.060 inch thick,  which supports a photographic 
emulsion. The Photoplast  P l a t e  i s  exposed by a contact  process. 

The s o l a r  c e l l  i s  mounted on the back of the r e a r  aper ture  
p l a t e .  Since the convertor i s  r a t h e r  b r i t t l e ,  spec ia l  precaut ions 
were taken t o  insure  t h a t  it would withstand the  r igorous environ- 
ment of high performance rockets. The aspect  sensor has been suc- 
c e s s f u l l y  t e s t ed  f o r  shock l eve l  of 100 g ' s  f o r  11 mil l iseconds 
and v i b r a t i o n  tests of 50 t o  2000 cps a t  20 g 's .  

The housing i s  fabr ica ted  from rectangular  aluminum tubing. 
The configurat ion of the aspect sensor i s  shown i n  Figure 9. The 
o v e r a l l  s i z e  i s  1-1/2" x 1-3/8" x 2", excluding the connector. The 
sensor i s  mounted by four tapped holes  (6-32) i n  the base. The 
weight i s  3.6 ounces. 
v o l t s  DC. The sensor i s  designed t o  operate  Over an ambient tem- 
pera ture  range of 25OF t o  125'F. 

The power requirements a r e  10 ma a t  26-38 
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APPLICATION AND DATA REDUCTION 

Ins ta 11 a ti on 

A suggested arrangement of instrumentation in a solar radiation 
sensor package is illustrated in Figure 10. 
solar radiation sensors are positioned is designed to provide the 
most favorable aspect angle, for the particular condition of the 
flight, but it is imperative that the solar aspect sensor be mounted 
with the long axis of the diamond-shaped aperture parallel to the 
longitudinal spin axis of the rocket. It must be located so as to 
have an unobstructed field of view of 120' in azimuth and 140' 
longitudinally. The complete payload is shown in Figure 11. The 
aperture plate and the windows of the solar radiation sensors are 
protected from aerodynamic heating by ejectable doors during the 
launch phase. It is preferable to locate the aspect sensor close 
to the radiation sensor with which it is being used. 
load the sensor is mounted on the same azimuth directly below the 
W ion chamber and X-ray Geiger counter. 

The angle at which the 

In this pay- 

The convention has been to let the positive aspect angles, 
denoted by the three-pulse signal, represent angles toward the for- 
ward direction of the rocket. When the aspect sensor is installed, 
a record should be made of which of the pulse sequences represents 
the forward direction of the rocket. 

The output signal is conveniently telemetered as an analog 
voltage in the form of a pulse train. A bandwidth of 1200 cps is 
recommended for satisfactory reproduction of the pulse wave form. 
The use of a somewhat lower bandwidth (e.g., 660 cps) will result 
in a significant delay of the pulse train, but accurate values of ' 

aspect angle can still be obtained. 

Data Reduction 

The time interval measurements t, to and the spin period ts 
can easily be obtained with the required accuracy from a chart re- 
cord having a speed of 10 inches per second. A typical 10 idsecond 
telemetry record from the eclipse series is shown in Figure 12. 
The data from two Lyman-Q: ion chambers augmented by two solar aspect 
sensors is illustrated as an example for the following discussion 
on data reduction. 
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Figure 10. Arrangement of instrumentation in a solar 
radiation package. 
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Figure 11. One of six Nike-Apache payloads launched during 
the so lar  ec l ipse  of 20 July 1963 at Fort Churchill.  
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Equation (2) def ines  the aspect  angle a f o r  the  condi t ion  of 
a l i n e  aperture.  Since the  s l i t s  of the diamond shaped aper ture  
have a f i n i t e  width (0.040 inch) ,  the time i n t e r v a l  t must be mea- 
sured t o  the centers  of the  f i r s t  and l a s t  pu lses ,  o r ,  more con- 
venient ly ,  t o  the leading edges of the extreme pulses  a s  ind ica ted  
i n  Figure 12. The sp in  period ts i s  a l s o  measured. 

Then the angle 4 i s  give by: 

t 
$ = 180 - degrees 

t S  

The angle Q0 i s  given as  60°, thus 

Then the aspect  angle a i s  obtained d i r e c t l y  from Figure 3 ,  

The three  por t ions  of Figure 12 show the  veh ic l e  
the  c a l i b r a t i o n  curve. The angle @o can a l s o  be obtained from the 
f l i g h t  record. 
turning over from a nose up t o  nose down during descent.  
of zero aspect angle i s  r ead i ly  i d e n t i f i e d  by the long c e n t r a l  
pulse.  
a0 as  

A po in t  

Measurement of to and ts a t  t h i s  po in t  immediately g ives  

Vehicle Motion 

Examples of the use of the so l a r  aspec t  sensor t o  measure the  
precessional  motion of a rocke t  a r e  shown i n  f igu res  13, 14  and 15. 
Nike-Apache 14.143, Figure 13, was an extremely we l l  s t a b i l i z e d  
veh ic l e  i n  which no precessional  motion could be detected by the  
sensor showing t h a t  the  included angle of the precession cone was 
less than 2 degrees. The spin r a t e  of t h i s  veh ic l e  was 6.2 rps .  
Nike-Apache 14.94, Figure 14, i s  more t y p i c a l  of a sp in-s tab i l ized  
vehic le .  A precession cone of 6.5 degrees included angle i s  ind i -  
cated and the period of the precess iona l  motion i s  55 seconds. The 
veh ic l e  sp in  r a t e  was 4.1 rps.  Nike-Apache 14.87, Figure 15, shows 
a l a rge  precessional  motion i n  which the  included angle of t he  cone 
i s  determined t o  be 173 degrees and the  period i s  12 seconds. 
veh ic l e  sp in  r a t e  was 1.65 rps. 

The 

This l a s t  case i l l u s t r a t e s  the  ambiguity r e s u l t i n g  from the use 
of a s ing le  aspect  sensor ,  whether s o l a r  o r  magnetic. 
i n  Figure 16, the angle between the rocke t  a x i s  and the re ference  

I f ,  a s  shuwn 
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Figure 16. Ambiguity of precession cone resulting from the 
use of a single aspect sensor. 
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d i rec t ion  v a r i e s  between a minimum value a1 and a maximum value 
a2, the  included angle of the  precession cone can have two values:  
fo r  small cone 8 = a 2  - ai ;  f o r  the l a rge  cone 8 = a2 + ai .  

The ambiguity can be resolved i n  some cases  where the angle 
0’ between the rocket  ve loc i ty  vector  and the  reference d i r e c t i o n  
i s  known (for  example from radar  data) .  For the small cone 8’ = 
(a2 + a1) /2  and fo r  the l a rge  cone 8‘ = (a2 - a1)/2.  I n  the case 
of Nike-Apache 14.87 i t  could be shown t h a t  the  la rge  cone g ives  
the only poss ib le  so lu t ion .  
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